Elastic distortion of a structural element of the actomyosin complex is fundamental to the ability of myosin to generate motile forces. An elastic element allows strain to develop within the actomyosin complex (cross-bridge) before movement. Relief of this strain then drives filament sliding, or more generally, movement of a cargo. Even with the known crystal structure of the myosin head, however, the structural element of the actomyosin complex in which elastic distortion occurs remained unclear. To assign functional relevance to various structural elements of the myosin head, e.g., to identify the elastic element within the cross-bridge, we studied mechanical properties of muscle fibers from patients with familial hypertrophic cardiomyopathy with point mutations in the head domain of the ␤-myosin heavy chain. We found that the Arg-719 3 Trp (Arg719Trp) mutation, which is located in the converter domain of the myosin head fragment, causes an increase in force generation and fiber stiffness under isometric conditions by 48 -59%. Under rigor and relaxing conditions, fiber stiffness was 45-47% higher than in control fibers. Yet, kinetics of active cross-bridge cycling were unchanged. These findings, especially the increase in fiber stiffness under rigor conditions, indicate that cross-bridges with the Arg719Trp mutation are more resistant to elastic distortion. The data presented here strongly suggest that the converter domain that forms the junction between the catalytic and the light-chain-binding domain of the myosin head is not only essential for elastic distortion of the cross-bridge, but that the main elastic distortion may even occur within the converter domain itself.
I
t is widely accepted that active force and movement generated by muscle fibers result from structural changes in the head domain of the myosin molecule (the cross-bridge) while it is attached to the actin filament. These changes are thought to involve a tilting of the light-chain-binding domain of the myosin head relative to its catalytic domain (1) (2) (3) (4) (5) (6) (7) . As a result of such structural changes distortion of an elastic element within the actin-attached myosin head allows strain to develop before movement (8) . Relief of this strain drives sliding of actin filaments past the myosin filaments, or alternatively, if filament sliding is prevented, active force is generated because of continued strain of the elastic element. Despite the central significance of this concept, however, it remained unclear which part of the actomyosin complex represents the elastic element-i.e., the element that experiences the main elastic distortion while other parts act more like rigid bodies. Neither the known crystal structures of the myosin head nor cryo-electron microscopy with reconstruction of the actomyosin complex have resolved this question. Some authors considered elastic bending of the long, light-chain-binding ␣-helix an obvious candidate (4, 9, 10) . The actin-myosin interface (11) or the junction between the lightchain domain and the catalytic domain of the myosin head (9) as well as subfragment 2 were also considered (12) as other possibilities for the location of elastic distortion.
To identify the structural element of the myosin head domain that acts as the main elastic element we made use of missense mutations in the head domain of the ␤-myosin heavy chain (␤-MHC), the heavy chain isoform that is expressed in cardiac and in slow skeletal muscle. Such myosin mutations were shown to be associated with familial hypertrophic cardiomyopathy (FHC) in about 30% of all kindreds with this disease (13) (14) (15) . In this study we examined fibers from a soleus muscle biopsy of a patient with a substitution of arginine by tryptophane at position 719 of the myosin heavy chain (16) . This mutation is located within the converter domain of the myosin head ( Fig. 1 ) which extends from Phe-707 to Arg-774, as defined by Houdusse and coworkers on the basis of the crystal structure of scallop striated muscle myosin subfragment-1 (17) . The converter domain forms a small compact subdomain that links the ␣-helical light-chainbinding domain to the catalytic domain (7, 17, 18) . The converter and light-chain-binding domain were thought to act together as a (semirigid) lever arm (2) (3) (4) (5) (6) (7) 17) , but the structural element that becomes elastically distorted remained unclear. Our results show that the converter domain seems to be a key element of the actomyosin complex where elastic distortion occurs.
Materials and Methods
Fiber Preparation and Solutions. Soleus muscle biopsies were obtained under local anesthesia from a female member of a British family with the Arg719Trp mutation in the ␤-MHC and from four control individuals undergoing plastic surgery. Informed consent of the individuals was obtained according to approved Ethics Committee protocols of the St. George's Hospital, London and of the Medical School, Hannover. All biopsies were dissected into small muscle fiber bundles immediately after surgery and permeabilized in skinning solution with Triton-X-100 (19) . For long-term storage, bundles of permeabilized fibers were equilibrated for 1 h each in skinning solution containing 0.5, 1.0, 1.5, and finally 2.0 M sucrose, rapidly frozen in liquid propane, and stored in liquid N 2 (20) . To isolate single fibers, after thawing the bundles were reequilibrated in each of these sucrose concentrations but in reversed order before transfer into sucrose-free skinning solution. Care was taken that during the entire dissection and equilibration procedure the muscle preparation was kept at low temperature (2-5°C). Skinning solution and rigor, activating, and relaxing solutions were as described (19) except for the addition of 5 mM 2,3-butanedione monoxime to the skinning solution and the relaxing solutions. To keep fibers fully relaxed, even at higher temperatures despite the shallow force-calcium relation, 2,3-Butanedione monoxime was added (ref. 21 ; T.K., unpublished results). Measurements in rigor and active contraction were performed at 170 mM ionic strength. In relaxation an ionic strength of 50 mM was chosen to favor weak cross-bridge attachment. Stiffness in rigor and relaxation was measured at 5°C, active parameters at 10°C and 20°C.
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Mechanical and X-Ray Diffraction Experiments. Single fibers were isolated and mounted into the setup as described (19, 22) . The cross-sectional area of the fibers was first determined by light microscopy assuming an elliptical shape of the fibers. To obtain more precise values for force and stiffness per cross-sectional area of mutant and control fibers, the cross-sectional area of most fibers was also measured from optical cross-sections recorded with a confocal microscope integrated into our mechanical setup. To record optical cross-sections, fibers were labeled with rhodamine-phalloidin in relaxing solution after mechanical measurements were completed. To document structural integrity of fibers and homogenous packing of myofibrils in fibers of both controls and patient, longitudinal optical sections were also recorded (see Fig. 3 ).
Resistance to elastic distortion (i.e., fiber stiffness) was measured with ramp-shaped stretches or releases of different speeds [10 Ϫ1 to 3 ϫ 10 3 (nm͞half-sarcomere) s
Ϫ1
] with change in sarcomere length recorded by laser light diffraction (23) . Stiffness was determined as chord stiffness-i.e., from the force change when the sarcomere length change had reached 2 nm͞half-sarcomere. Actively contracting fibers were stabilized by a quick release͞restretch protocol (24) and the rate constant of force redevelopment (k redev ) was determined after the restretch to isometric fiber length (25) . Unloaded shortening velocity (v max ) was determined by slack tests (26) .
To determine the distance between thick and thin filaments and between crowns of myosin heads along the myosin filaments, the spacings of the 1.0 equatorial reflection (d 1, 0 ) and the 3rd meridional reflection (d M3 ) were determined from x-ray diffraction patterns. The patterns were recorded at the Deutsches Elektronen Synchrotron in Hamburg, Germany as described (27) , except that single fiber arrays of only 8-20 fibers were used because these were sufficient to record the necessary meridional and equatorial reflections. Solutions and temperature were the same as for mechanical experiments except for the addition of 10 mM glutathione and 1,000 units͞ml catalase to reduce damage by the x-ray irradiation.
Histological and Biochemical Analysis. Part of each biopsy was subjected to routine histochemical and immune-histochemical analysis, including ATPase and NADH reactions, as well as oil-red and hematoxylin-eosin staining. All samples had normal enzymatic patterns and normal structure. The myosin heavychain isoforms were separated by using SDS͞PAGE (28) to confirm that only fibers with the slow ␤-MHC isoform exclusively were included in the analysis of the functional properties. For this purpose, after analysis of functional properties and optical cross-section, each fiber was immediately transferred into SDS buffer and frozen for later electrophoresis.
Results
Force and Fiber Stiffness in Active Isometric Contraction. To characterize functional effects of the Arg719Trp mutation we first measured active force and fiber stiffness (resistance to elastic distortion) under isometric conditions. At full calcium activation we found an increase in active force by 59 Ϯ 7% at 10°C (Fig. 2a) and by 49 Ϯ 5% at 20°C compared with isometric force of slow soleus muscle fibers from healthy control individuals. Fiber stiffness under isometric conditions at 10°C was 48 Ϯ 10% higher than with normal controls, when length changes (stretches or releases) with speeds of Ϸ2 ϫ 10 3 (nm͞half-sarcomere) s Ϫ1 were imposed (Fig. 2b) . As an example, Fig. 2c shows two original records from which stiffness of activated fibers was determined. In these records active force is plotted against the change in (nm͞half-sarcomere) s Ϫ1 . Upper plot, fiber with Arg719Trp mutation; lower plot, control fiber; solid lines, linear least squares fits to the linear part of the plots (some 3 nm͞half-sarcomere for the control fiber and 4 nm͞half-sarcomere for the fiber with Arg719Trp mutation). Here, the rather similar intercept of these plots with the x axis (y 0 value) shows that approximately the same-length change (release) is necessary to drop active force to zero. Note that, on average, the length change necessary to drop active force to zero was about 10% higher for fibers with mutated myosin than for controls.
sarcomere length during releases which were imposed during isometric steady state contraction. The solid lines were fitted to the linear part of these plots. The slopes of these lines represent apparent fiber stiffness. Note that the x axis intercept [y 0 value (29) ] is almost identical for these two individual plots. The average values of all x axis intercepts were 7.09 Ϯ 0.57 nm͞half-sarcomere (n ϭ 14) and 7.66 Ϯ 0.99 nm͞half-sarcomere (n ϭ 9) for control and fibers with the mutation, respectively, which implies that for fibers containing the mutation the length change necessary to drop active force to zero is increased by Ͻ10%-i.e., elastic extension of attached cross-bridges (plus myofilaments) is increased by hardly 10%, whereas active force is increased by 59 Ϯ 7% under the same conditions.
Fiber Cross-Sectional Area and Packing of Myofibrils Studied by
Confocal Microscopy and X-Ray Diffraction. Because both active force and fiber stiffness have to be related to fiber cross-section for comparison with normal fibers, the observed differences in force and stiffness critically depend on the precise measurement of the fiber cross-sectional area. For most fibers therefore we recorded optical cross-sections by using a confocal microscope integrated into the mechanical setup to measure the crosssectional area of the fibers with highest possible precision but without chemical fixation. In addition, these fiber cross-sections together with longitudinal sections allowed evaluation of the packing of the myofibrils in mutant and control fibers. This evaluation was essential because areas without myofibrils in the control fibers could explain the lower force compared with mutant fibers. Fig. 3 a-d shows examples of optical longitudinal and cross-sections through mutant and control fibers labeled with rhodamine-phalloidin. In none of the examined fibers did we find any indication for differences in myofibrillar packing between mutant and control fibers. Finally, to ensure also that the packing of actin and myosin filaments-i.e., the spacing between actin and myosin filaments-and the packing of the myosin filaments themselves are the same in mutant and control fibers, we recorded two-dimensional x-ray diffraction patterns of the fibers. The spacings of the equatorial reflections that correspond to the distance between the thin and thick filaments in the fibers, and of the M3-reflection on the meridian which corresponds to the distance between the crowns of myosin heads along the thick filaments were analyzed. Fig. 3e shows that the spacings of the 1.0 equatorial reflection (d 1,0 ) are essentially the same for mutant and control fibers, both under relaxing and rigor conditions. The spacing of the M3-reflection in rigor was found to be 14.415 Ϯ 0.06 nm (n ϭ 5) for control fibers and 14.421 Ϯ 0.08 nm (n ϭ 8) for mutant fibers, which indicates that the myosin periodicity is the same in both cases. Taken together, these control experiments show that the observed differences in active force and fiber stiffness neither result from uncertainties in the cross-sectional area of the fibers nor from differences in the packing of myofibrils or myofilaments.
Possible Origin of Increased Force and Stiffness. The increase in force and fiber stiffness observed under isometric conditions could result from changes in kinetics of active cross-bridge cycling, such that more cross-bridges occupy force generating states at any one moment (25) , or from an increase in force and stiffness of each individual actin-attached cross-bridge (myosin head) (30) . We therefore measured the maximum unloaded shortening velocity (v max ) and the rate constant of force redevelopment (k redev ) as two parameters sensitive to cross-bridge cycling kinetics. Neither v max (Fig. 4a) nor k redev (Fig. 4b) were detectably affected by the mutation in the converter domain, neither at 10°C nor at 20°C, indicating that the mutation does not cause a measurable redistribution of the cross-bridges among different intermediate states of the cross-bridge cycle with a higher occupancy of force-generating states under isometric conditions. As for the second possibility, we tested whether the increased force and increased active fiber stiffness result from a higher resistance of the actin-myosin cross-bridges to elastic distortion. Because higher resistance of cross-bridges to elastic distortion might show up in all states of the actomyosin crossbridge we measured fiber stiffness also in rigor and under relaxing conditions. For a most comprehensive characterization of fiber stiffness, ramp-shaped length changes (stretches) of different speeds were imposed (Fig. 5) . In rigor, at the maximum speed of length change, fiber stiffness increased by 45 Ϯ 9% (Fig.  5a ). In this condition-i.e., in the absence of nucleotideessentially all cross-bridges are attached to the actin filament with very high affinity (31, 32) , meaning that a stiffness increase in rigor can not be attributed to an increased number of strongly attached myosin heads. Instead, the increase in stiffness of the fibers carrying the mutation in the converter domain must rather be caused by a higher stiffness-i.e., a larger resistance to elastic distortion-of the cross-bridges with the Arg719Trp mutation. Because the mutation changed the elasticity of the myosin heads in rigor (Fig. 5a ) and active contraction (Fig. 5b) to a similar extent, it is not surprising that we also found an increased fiber stiffness under relaxing conditions (Fig. 5a)- i.e., in the absence of calcium. Under relaxing conditions myosin heads are weakly attached to actin and can rapidly dissociate during the stiffness measurements (33) . Accordingly, only at higher speeds of length change where weakly attached cross-bridges become more and more elastically distorted before they detach, a significant stiffness increase of about 47 Ϯ 8% is detectable. At the lower speeds where passive, non-cross-bridge components dominate, almost no change in fiber stiffness is seen.
The observed increase in fiber stiffness and active force, however, cannot be taken as a direct measure of changes in elasticity and force generation of the individual myosin head because the amount of mutated protein in the fibers has to be considered. Because FHC is a dominant autosomal disease, the fibers coexpress wild-type and mutated protein. The ratio of wild-type vs. mutant protein, however, can vary considerably among different mutations (34, 35) . Preliminary protein quantification for the Arg719Trp mutation in the fibers of our patient by an approach modified from Nier and coworkers (ref. 35 ; details will be published elsewhere) revealed that 41 Ϯ 24% (SD, n ϭ 4) of total myosin contains the mutation. This Ϸ1:1 ratio of mutant to wild-type myosin indicates that individual myosin heads with the mutation are apparently (at least) about twice as stiff and generate about twice as much active force as wild-type myosin heads.
Discussion
Structural Basis of Cross-Bridge Elasticity. The observed increase in fiber stiffness-i.e., the observed increase in the resistance of fibers to elastic distortion under all conditions studied, including rigor conditions where all cross-bridges are attached to actin-has to be attributed to a stiffer cross-bridge in the presence of the mutation. The location of the mutation in the converter suggests that elastic distortion takes place in the converter domain or in structural elements under strong inf luence of the converter, and that these structures represent the elastic element of the cross-bridge. A stiffer cross-bridge can only result from increased stiffness of the converter or associated structural elements if other parts of the myosin head͞actin complex (cross-bridge) act essentially as rigid bodies-i.e., are much stiffer than the converter-such that most, if not all, of elastic cross-bridge distortion during force generation (or when length changes are imposed on muscle fibers) take place within the converter domain. If, alternatively, essentially all compliance and thus all elastic distortion were located outside the converter (and associated structures), an increased stiffness of the converter (or associated structures) would have essentially no effect on the observed elastic distortion of the cross-bridge. Fiber stiffness would remain unchanged, because observed stiffness is dominated by the element(s) with the smallest resistance to elastic distortioni.e., the most compliant element(s). Thus, our data suggest that a significant amount of elastic distortion takes place within the converter or associated structures-i.e., structures that are under the inf luence of the converter such that the Arg719Trp mutation, which is located in the converter, increases their resistance to elastic distortion (stiffness).
This interpretation is consistent with the various crystal structures of the myosin head domain (e.g., refs. 1, 5, 7, 17) in which the converter domain makes rather close contacts with the first three turns of the long ␣-helix, which forms the core element of the light-chain-binding domain (Fig. 1) . As described in detail by Houdusse et al. for scallop striated muscle S1, hydrogen bonds, formed for instance by the conserved Arg-719, but especially clusters of hydrophobic interactions between the first three turns of the long ␣-helix and elements of the converter domain are most relevant for the structural stability of the converter (17) . The stability of the converter, and thus these strong and conserved linkages seem to be essential for transmission of orientational changes in the motor domain by means with mutation) at 10°C. Lines represent parts of sigmoidal fits to the data points. Stiffness in rigor and relaxation was measured at 5°C to enhance relaxed stiffness. Previous measurements showed an approximately 10% and 15% decrease of relaxed stiffness when raising the temperature from 5°C to 10°C or to 20°C, respectively, whereas rigor stiffness was not affected by these temperature changes. *Difference not statistically significant (P Ͼ 0.05).
of the converter to the rest of the light-chain-binding domain helix (17) . The point mutation described here directly affects one of the conserved residues of the converter found to interact with the long ␣-helix (Fig. 1) . Although the crystal structure of the head domain of the human ␤ cardiac myosin heavy chain is not known, assuming a structure analogous to those already solved implies that the Arg719Trp mutation increases the hydrophobic interactions and thus could increase the resistance of the converter to elastic distortion when active force is exerted or external forces act on the myosin head. It is possible, however, that the Arg719Trp mutation also affects interactions between residues of the converter domain and nearby residues of the essential light chain (Fig. 1) or, more generally, it might affect the overall structure of the converter domain and its interactions with the light-chain-binding region. By all these routes, the mutation could make the converter itself, the link between converter and light-chain-binding domain, or even the nearby parts of the light-chain-binding domain more resistant to elastic distortion.
Implications of Compliance in the Myofilaments. About 50% of the total elastic distortion observed in muscle fibers has been reported to take place in the myofilaments (36 -38) . Such compliance outside the cross-bridges will be distorted more when higher active forces are generated. For instance, with such filament compliance a 50% higher active force in fibers with the Arg719Trp mutation is expected to result in a 25% higher total elastic extension (y 0 ) if the extent of elastic distortion of mutant myosin heads under isometric conditions remains the same as for wild-type myosin heads. Total elastic distortion of mutant fibers during active contraction (y 0 ), however, is only about 10% higher than in control fibers, which can either be accounted for by an elastic distortion of mutant heads (half of all heads) that is only about 40% of the elastic distortion of wild-type heads or if in control fibers elastic extension of myofilaments (myofilament compliance) during isometric force generation is not 50%, but only about 20% of total elastic extension (y 0 ). Our own data suggested that elastic distortion of myofilaments may well be somewhat less than 50% of total elastic distortion during isometric force generation (39) . Therefore it seems likely that both factors contribute to the only 10% increase in y 0 found here: reduced elastic distortion of mutant myosin heads compared with wild type and somewhat less than 50% myofilament compliance. Thus, elastic distortion of mutant myosin heads is probably not quite as low as only 40% of the wild-type myosin head. If the mutation makes the converter plus associated structures completely rigid, the compliance of the mutant myosin head represents the upper limit of cross-bridge compliance located outside the converter or associated elements.
These estimates illustrate the relevance of filament compliance, which so far we do not know precisely. In addition, the three-dimensional arrangement of cross-bridges and myofilaments in the sarcomere make precise predictions of contributions of cross-bridge and myofilament compliance rather difficult. Thus, for a precise quantitative interpretation other approaches like force and stiffness measurements directly at the single molecule level are needed.
Negative Effects of the Mutation. Increased active force might lead to the question about why a mutation that is so beneficial for active force generation is causing disease rather than evolving as an advantage. Muscle maximally works with 50% efficiency, and with increased active force of the mutant myosin, one might conclude that the mutation results in an efficiency even higher than 50%. However, to estimate efficiency from work done on elastic elements, we have to distinguish elastic distortion of the attached cross-bridge from elastic extension of myofilaments because the latter does not result from the action of a single head. Thus, only the part of the y 0 value that results from elastic distortion of the attached cross-bridge can be considered. This part, however, seems to be significantly reduced for the mutant heads (see above). For example, with 50% of total compliance in the myofilaments of control fibers, 50% higher active force in fibers with the mutation, but only 10% increase in y 0 , and thus elastic distortion of the individual mutated head reduced to 40% of wild-type myosin, the work done on the elastic elements of the mutant cross-bridge would be 80% the work done on elastic elements of wild-type myosin heads. Thus, the increased active force may actually be associated with reduced efficiency.
Another negative effect that must be considered is the higher load on actin filaments because of the higher force of the mutated cross-bridges. From in vitro force measurements (40) tensile strength of single actin filaments was found to be comparable with the average force exerted on a single thin filament in muscle fibers during isometric contraction. Thus, higher active force might cause rupture of actin filaments resulting in destabilization of the sarcomeres.
Finally, some preliminary results suggest that this mutation also causes a leftward shift of the fore͞pCa relation (J.K. and T.K., unpublished results), as seen with other interventions that increase active force (39) . This shift is not unexpected if even a small cooperative effect of force-generating cross-bridges on Ca 2ϩ activation exists. However, particularly in cardiac muscle, such a leftward shift of the force-pCa relation would cause impaired relaxation during diastole, which in the Arg719Trp mutation might represent another major disadvantage leading to the typical FHC phenotype and symptoms.
Relation to Other Studies on Mutations in the Converter Domain.
Previous studies with a mutation thought to be equivalent to Arg719Trp introduced either in Dictyostelium myosin II (41) or in smooth muscle myosin (42) were inconsistent in their results and also different from our findings regarding the functional changes caused by the Arg719Trp mutation in cardiac ␤-MHC. For example, maximum actin-activated ATPase activity in solution, which is thought to correspond to k redev in muscle fibers (25) , was found to increase (42) or to decrease (41) , whereas in our fiber measurements k redev was not affected by the mutation. Force measured with a laser trap and in vitro sliding velocity were both reduced in the Dictyostelium myosin (41), but were unchanged when the equivalent mutation was introduced in smooth muscle myosin (42) . Our measurements of the in vitro sliding velocity (data not shown) and of the maximum shortening velocity in fibers, thought to be related to the in vitro sliding velocity (43, 44) , showed no detectable effect of the mutation.
The observed differences between the effects of apparently equivalent mutations in different myosin heavy-chain isoforms indicate that general conclusions about functional consequences of specific FHC mutations derived from experiments on other myosin heavy-chain isoforms must be treated with some caution. Nevertheless, from our work it is expected that an exchange of residues within the converter domain that are in close connection to the first turns of the long ␣-helix affect elastic properties of the myosin head. Specifically, an increase in the extent of hydrophobic interactions may increase stiffness (i.e., increase the resistance of the myosin head to elastic distortion) as seen here. Identifying the relevant amino acids in myosin heavy-chain isoforms with known crystal structures and mutation to residues with increased͞decreased hydrophobicity should enable this hypothesis to be tested.
The significance of the converter domain of the myosin head for the vital functions of the motor molecule is underscored by the fact that patients with this mutation are severely affected by FHC and develop a rather malignant phenotype (16) . A whole cluster of mutations is located in the converter domain (14) , with the substitutions Arg-723 3 Gly and Gly-716 3 Arg also resulting in a malignant phenotype (16, 45) . These two substitutions are also close to the first turns of the long ␣-helix. Functional analysis of these and other FHC mutations in the converter domain together with site-directed mutagenesis, expression, and functional analysis of myosin head isoforms with known crystal structure will allow further characterization of the nature of the elastic distortion and testing of our hypothesis that the converter is the main structural element responsible for elastic distortion of the cross-bridge.
